Abstract Whole grain comprises starchy endosperm, germ, and bran tissues, which contain fibers, minerals, vitamins, and several phytochemicals. Whole grain cereal (WGC)-based food products supply beneficial nutrients (essential for health care) and macronutrients (essential for body maintenance and support). The present study investigated the inhibitory effect of WGC on obesity-induced muscle atrophy in obese C57BL/6N mice. WGC attenuated the body weight gain, fat pad mass, adipocyte size, food efficiency ratio, serum lipid profile, and non-alcoholic fatty liver. Furthermore, WGC increased muscle mass and muscle strength by activating the phosphatidylinositol 3-kinase/protein kinase B pathway. Accordingly, WGC upregulated the expression of factors that regulate muscle hypertrophy and myogenesis, whereas it down-regulated the atrophy-related factors. Overall, these results demonstrate that WGC effectively attenuates obesity-induced muscle atrophy as well as overall obesity, suggesting that WGC can be used as a functional food.
Introduction
The increasing incidence of obesity and obesity-related metabolic diseases constitutes considerable health problems [1] . Obesity is caused by an imbalance between energy intake and expenditure, mediated through lifestyle, genetic factors, and physical inactivity [2] . The condition is associated with various metabolic diseases, including muscle atrophy, hypertension, diabetes, and non-alcoholic fatty liver [3] .
Skeletal muscle is the largest organ, accounting for about 40% of the body weight, and performs various physiological functions [4] . Muscle atrophy is defined as a reduction in the mass and strength of muscle, caused by a decrease in the size and number of muscle fibers [5] . The onset of muscle atrophy is related to several factors, such as oxidative stress, denervation, disuse, and aging [6] . Previous studies have revealed that skeletal muscle loss and dysfunction are associated with obesity, defined as sarcopenic obesity [4] .
Obesity is associated with inflammatory cytokines that suppress the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway, which is an anabolic pathway for protein synthesis [7] . Activation of the PI3K/Akt pathway stimulates mammalian target of rapamycin (mTOR) signaling cascades, modulating two master molecules associated with the initiation of mRNA translation, namely, 70-kDa ribosomal protein S6 kinase (p70S6K) and eukaryotic initiation factor 4E binding protein 1 (4EBP1) [8] . Akt activation results in the activation of the master myogenic regulatory factors MyoD and myogenin, which regulate the differentiation of muscle and the formation of myoblasts [9] . In addition, forkhead box O3a (FoxO3a) phosphorylation inhibits muscle protein degradation through the ubiquitin-proteasome system, including atrogin-1 and muscle ring finger 1 (MuRF1), by activating Akt [7] .
There is an increasing global demand for functional foods that can benefit the body composition and be effective against metabolic diseases [10] . Whole grain cereal (WGC)-based food products are a source of beneficial minerals, vitamins, and other phytochemicals, which are required for to maintain health, as well as of macronutrients required for body maintenance and support [11] . Previous studies have shown the functional effects of WGC on various health problems, including the metabolic syndrome, diabetes, cardiovascular disease, stroke, hypertension, and cancer [11, 12] . The present study demonstrates that WGC attenuates obesity-related skeletal muscle atrophy by stimulating PI3K/Akt pathway signaling.
Materials and methods

Materials
Supplied from Mother's Love (Seoul, Republic of Korea), the WGC contained 51% of whole grains consisting of barley (30%), brown rice (11%), black rice (4%), corn (5%), and sorghum (1%). The other 49% of the WGC comprised fructooligosaccharide (15%), isolate soybean protein (8%), gelatinized rice flour (7.8%), whey protein concentrate (6%), fruit sugar (5%), non-digestible maltodextrin (3%), vitamin and mineral mixture (1.8%), almond (1%), black sesame (0.5%), superfood mixture (0.5%), garcinia cambogia peel extract (0.2%), stevia (0.1%), and berry powder (0.1%). The ingredients and nutrient contents of the WGC are shown in Table 1 .
Chemical reagents
Antibodies against p-PI3K, PI3K, p-Akt, Akt, p-mTOR, mTOR, p-p70S6K, p70S6K, p-4EBP1, 4EBP1, p-FoxO3a, FoxO3a, and a-tubulin were purchased from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidaseconjugated secondary antibodies were supplied from Bethyl Laboratories, Inc. (Montgomery, TX, USA). Enhanced chemiluminescence (ECL) solution was purchased from Amersham Biosciences (Little Chalfont, UK). NP-40 buffer was supplied from ELPIS-Biotech (Daejeon, Korea).
Animal experiment
Four-week-old male C57BL/6N mice (DBL, Umsung, Korea) were housed under the following conditions: 55 ± 5% humidity, 12 h day/night cycles, and 25 ± 2°C at the Yonsei Laboratory Animal Research Center (Seoul, Korea). During the entire experimental period, the mice were provided with food and water ad libitum. The mice were randomly divided into three dietary groups (n = 7). Group 1 mice were fed a normal chow diet (ND) (Modified Rodent Diet D12450B; Unifaith Inc., Seoul, Korea); Group 2 mice were fed a high-fat diet (HFD) (Modified Rodent diet D12451; Unifaith Inc.); Group 3 mice were fed a HFD for 8 weeks to induce obesity and then received a HFD supplemented with WGC (HFD ? WGC) for 4 weeks (Unifaith Inc.). The compositions of the experimental diets are shown in Table 2 . The calories and nutrient contents of the experimental diets were adjusted to resolve any imbalance of nutrients. All diets were prepared to have an equivalent energy density. Based on Table 2 ). The body weight gain and feed intake were estimated twice in a week during the entire experimental period. The gastrocnemius (GN), soleus (SOL), tibialis anterior (TA), and extensor digitorum longus (EDL) muscles, the liver, and the epididymal, subcutaneous, and perirenal fat tissues isolated from mice were measured and stored at -70°C. This study was approved by the Institutional Animal Care and Use Committee of Yonsei University (Permit No.: 201602-144-01). 
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNAs extracted from homogenized skeletal muscle tissues were analyzed by conducting the reverse transcription-polymerase chain reaction according to a previous study [13] . 
Western blot assay
Total homogenized skeletal muscle tissues were analyzed by western blot assay according to a previous study [13] .
The primary antibodies against p-PI3K, PI3K, p-Akt, Akt, p-mTOR, mTOR, p-p70S6K, p70S6K, p-4EBP1, 4EBP1, p-FoxO3a, FoxO3a, and a-tubulin were used in a 1:1000 dilution. Horseradish peroxidase-conjugated secondary antibodies in a 1:5000 dilution were used for visualizing the proteins on the blotted membrane. The proteins were detected using an ECL solution and visualized with the G:BOX image analysis system (Syngene, Cambridge, UK).
Analysis of blood biochemical parameters
Blood samples were collected from all mice by heart puncture and incubated at room temperature. Serum was prepared by centrifugation of the blood at 4000 rpm for 15 min, and stored at -70°C until analysis. Serum lipid profiles and serum levels of hepatotoxicity markers were measured according to the International Federation of Clinical Chemistry method using an automated biochemical analyzer (Mindray; Nanshan, Shenzhen, China) as per the manufacturer's protocol.
Measurement of liver triglyceride content
To determine the hepatic triglyceride (TG) content, liver tissue was homogenized in NP-40 buffer (ELPIS-Biotech). The TG content was measured with a TG quantification assay kit (Biovision, Mountain View, CA, USA).
Histological analysis
GN muscle tissues, epididymal adipose tissues, and liver tissues fixed with 10% formalin solution were embedded in paraffin to produce paraffin block slides. To observe the fiber cross-sectional area of GN muscle, adipocyte size of epididymal adipose tissues, and liver tissues, the paraffin slides were stained with haematoxylin and eosin. The images from 60 random areas of the stained tissues per group were captured under an Eclipse TE2000U Inverted Microscope with twin charge-coupled device cameras (Nikon, Tokyo, Japan). The adipocyte size of epididymal tissues and the fiber cross-sectional area of GN muscle from the captured images were quantified using ImageJ software (version 1.47; National Institutes of Health, Bethesda, MD, USA). The representative images were displayed according to the quantification of adipocyte size, fiber cross-sectional area of GN muscle, and TG contents.
Grip strength test
The muscle strength of mice was evaluated using a Chatillon force measurement system (Columbus Instrument, Columbus, OH, USA) equipped with a pull bar. Fore/ hind-limb and fore-limb grip strengths were measured at the end of the experimental feeding period. This system has an electronic digital force gauge that determines the peak force. The mouse was held by the tail until it released the pull bar. Five consecutive tests were performed on each mouse to obtain the peak value.
Statistical analysis
All experiments were performed in triplicates. Results are presented as the mean ± standard deviation. Statistical analysis was performed using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA). Group differences were assessed with the one-way analysis of variance, followed by Duncan test. A p value of less than 0.05 was considered statistically significant.
Results and discussion
WGC reduces HFD-induced body weight gain
According to the American Association of Cereal Chemists International, whole grain comprises the following principal anatomical components: starchy endosperm, germ, and bran [11] . Whole grains, including barley, brown rice, corn, sorghum, and millet, contain several functional components. The outer layers of the grain are rich in beneficial nutrients such as dietary fiber, inulin, glucans, resistant starch, phenolics, carotenoids, vitamin E, and phytochemicals [14] . In this study, the inhibitory effect of WGC on obesity was observed by feeding it to obese C57BL/6N mice for 4 weeks. The body weights of the obese HFD group were much higher than those of the ND group (Table 3) . WGC diminished the body weight gain by 11.9% in the HFD ? WGC group, compared with the HFD group. The feed intake was significantly decreased in the HFD ? WGC mice relative to that in the HFD group. The food efficiency ratio (FER) was the highest in the HFD group. The reduction in body weight gain of the HFD-fed obese mice supplemented with WGC was accompanied by a decrease in the FER. WGC-based food products are a good source of healthy nutrients as well as macronutrients for body maintenance and support [11] . The US Food and Drug Administration has approved a whole-grain health claim for any food product containing C 51% whole grain ingredients by weight to provide more standardized nomenclature and promote consumer recognition of foods that are high in whole grains [15, 16] . In this study, the WGC contains 51% of whole grains comprising barley, brown rice, black rice, corn, and sorghum, which reduces body weight gain of the HFD-fed obese mice by decreasing the FER.
WGC attenuates HFD-induced fat accumulation by decreasing white adipocyte size
In this study, we supplied HFD, including 59% of WGC, for 4 weeks to mice that were taken HFD for 8 weeks to induce obesity. Compared with HFD group, HFD ? WGC group showed gradual reduction of body weight [ Fig. 1(A) ]. The HFD group exhibited increased fat volume, whereas the HFD ? WGC group showed significantly lower fat accumulation. The epididymal, subcutaneous, and perirenal fat pad masses were suppressed by 20.7, 33.6, and 18.4%, respectively, in the HFD ? WGC group relative to the HFD group (Table 3) . Furthermore, histological analysis of the epididymal adipose tissue showed that the suppression of fat pad mass in the HFD ? WGC group was due to an effective reduction in white adipocyte size [ Fig. 1(B, C) ]. The characteristic of obesity is the increase of body weight resulting from the increase of adipocyte size and adipose tissue [17] . Thus, these results indicate that WGC attenuates HFD-induced body weight by suppressing fat pad masses and adipocyte enlargement, suggesting that WGC improves HFD-induced obesity condition in mice.
WGC prevents HFD-induced hyperlipidaemia and non-alcoholic fatty liver
Prolonged excessive energy intake leads to hyperlipidaemia, non-alcoholic fatty liver, and abnormal fat accumulation, which are related to obesity conditions [18] . The serum total cholesterol, low-density lipoprotein (LDL) cholesterol, and TG levels were significantly increased in the HFD group as compared with the ND group (Table 3) . In contrast, the serum levels of these lipids were lower in the HGD ? WGC group than in the HFD group. However, the ratio of high-density lipoprotein (HDL) cholesterol/total cholesterol was improved in the HFD ? WGC group as compared with the obese HFD group. WGC prevents obesity-induced hyperlipidaemia by attenuating hypertriacylglycerolemia and hypercholesterolemia.
Moreover, the increases of liver weight (Table 3) and abnormal lipid accumulation in the liver were shown in the obese HFD group [ Fig. 1(D, E) ]. WGC decreased the HFD-induced liver weight by 15.8% in the HFD ? WGC group relative to the HFD group. The lipid droplet size in liver tissue was decreased in the HFD ? WGC group, resulting in a significant reduction in hepatic TG level by 46.1% compared with the HFD group. Since WGC reduced HFD-induced non-alcoholic fatty liver by decreasing the lipid droplet size and hepatic TG level, it may regulate imbalances in hepatic lipid metabolism of HFD-induced obesity in mice. Thus, these results suggest that WGC alleviates HFD-induced obesity, hyperlipidaemia, and nonalcoholic fatty liver.
It was reported that whole grain, cereal fiber, and bran were associated with a reduction in the risk of obesity, type 2 diabetes, and cardiovascular disease in humans [19] . Barley, a main ingredient in WGC, containing coumaric acid and ferulic acid, prevented adipogenic differentiation [20] . Beta-glucan, found in the cell walls of barley, improved fatty liver [21] . Brown rice and its major component, c-oryzanol, decreased the preference for HFD in mice given the choice of a normal chow diet or HFD [22] and reduced obesity and diabetes in humans [23] . Moreover, a germinated brown rice extract suppressed body weight gain in HFD-fed mice by controlling lipogenic genes [24] Collectively, these results indicate that the contents of WGC, as a mixture of multiple whole grain ingredients, have a synergistic effect on lipid metabolism.
WGC improves skeletal muscle masses and enhances muscle strength in HFD-fed obese mice
Previous studies have shown the beneficial effects of WGC on various health problems, including the metabolic syndrome, diabetes, cardiovascular disease, stroke, hypertension, and cancer [11, 12] . A recent study observed for the first time that c-oryzanol, a major component of brown rice, influenced the proliferation of muscle satellite cells [25] . However, there are not many studies showing the effect of WGC on muscle atrophy in obese mice. In this study, using a mouse model of HFD-induced obesity, we demonstrated that WGC improves obesity-induced muscle atrophy.
The GN, SOL, TA, and EDL muscle weights were increased by 8.1, 19.9, 8.0, and 33.2%, respectively, in the HFD ? WGC group in comparison with the HFD group [ Fig. 2(A) ]. The ratio of skeletal muscle mass/body mass was diminished in the HFD group but increased in the HFD ? WGC group [ Fig. 2(B) ]. The decrease in muscle mass ratio seen in the HFD group relative to the ND group was recovered in the HFD ? WGC group. Histological analysis of GN muscle tissue showed that the increase of muscle mass in the HFD ? WGC group was due to an effective increase in muscle size [ Fig. 2(C, D) ]. These results demonstrate that WGC improves muscle mass in HFD-fed obese mice by elevating the muscle fiber diameter.
The muscle strength of the HFD group was decreased relative to that of the ND group [ Fig. 2(E) ]. In contrast, the muscle strength of the HFD ? WGC group was significantly better than that of the HFD group. Fore/hind-limb and fore-limb muscle strengths were recovered by 14.3 and 17.6%, respectively, in the HFD ? WGC group as compared with the HFD group. The results confirm that WGC improves muscle strength through increase of the muscle mass.
Loss of skeletal muscle is a debilitating complication resulting from inactivity, aging, denervation, cancer, and several other chronic illnesses [7] . In particular, obesity is associated with inflammatory cytokines, wherein tumor necrosis factor-alpha accelerates the suppression of muscle protein synthesis [7] . The characteristics of muscle atrophy is the loss of muscle mass and muscle strength by decreased protein synthesis and increased protein degradation [26, 27] . The results study showed that WGC inhibited obesity-induced muscle atrophy by improving the muscle mass, muscle strength, and muscle fiber size in HFD-fed obese mice. On the molecular level, mTOR plays important roles in protein synthesis and leads to muscle hypertrophy by regulating p70S6K and 4EBP1 [9, 28] . MyoD and myogenin are the master myogenic regulatory factors, modulating the differentiation of muscle cells and the formation of myoblasts [9, 29] . In this study, WGC up-regulated the phosphorylation of PI3K, Akt, mTOR, p70S6K, and 4EBP1 and also activated the mRNA expression of MyoD and myogenin [ Fig. 3(A-C) ]. These results suggest that WGC improves both the skeletal muscle mass by activating muscle hypertrophy and the synthesis of muscle fibers by stimulating muscle myogenesis.
In contrast, the dephosphorylation of FoxO3a leads to nuclear entry and induces a reduction of muscle mass by activating transcriptional activity that modulates muscle development negatively [7, 29] . Subsequently, E3 ubiquitin ligase-related genes, such as atrogin-1 and MuRF1, promote the degradation of muscle protein, leading to muscle atrophy [4, 7] . Cytoplasmic FoxO3a protein expression was up-regulated, whereas E3 ubiquitin ligase-related gene mRNA expression was down-regulated in the HFD ? WGC group [ Fig. 3(D, E) ], indicating that the positive effects of WGC on muscle mass and muscle strength could be through hypertrophy activation and atrophy inhibition. Taken together, the results imply that WGC attenuates HFD-induced muscle atrophy by up-regulating protein synthesis and down-regulating protein degradation.
In conclusion, WGC formulation attenuated the symptoms of obesity, including body weight gain, hyperlipidaemia, non-alcoholic fatty liver, fat pad mass, and adipocyte size. Concomitantly, WGC significantly improved skeletal muscle mass and muscle strength through up-regulation of muscle hypertrophy and muscle differentiation factors, with concomitant down-regulation of muscle atrophic factors. The results suggest that WGC could be used as a functional food for the treatment of obesity-induced muscle atrophy. Further extensive studies are required to draw a conclusion about the inhibitory effect of WGC on muscle atrophy through animal and clinical experiments, applying a variety of WGC formulations.
